Infrared spectra of molecules and materials of astrophysical interest  Quarterly progress report, 15 Dec. 1970 - 15 Mar. 1971 by Durig, J. R.
Infrared Spectra of Molecules and Materi a1 s 
of Astrophysical In te res t  
Grant NGR-41-002-083 
Quar ter ly  Progress Report 
Report Number 15 
March 1971 
Office of Grants and Research Contracts 
Office of Space Science and Applications 
National Aeronautics and Space Administrati on 
Washington, D. C. 20546 
(Prepared under Grant NGR-41-002-Q#3 by the 
University of South Carol ina,  Columbia, South Carolina 29208) 
Principal Investigator - James R. Duri g, Professor of Chemistry 
Period covered: 15 December 1970 t o  15 March 1971 
https://ntrs.nasa.gov/search.jsp?R=19710014783 2020-03-11T20:59:56+00:00Z
SUMMARY OF PROGRESS 
Gerard P. ~ u i p e r '  has po in ted  o u t  t h a t  t he  Jovian atmospheres are expected 
t o  c o n t a i n  HZ, He, N2, H20, NH3' CH4. Ar and poss ib l y  S i H 4 .  He has a l s o  l i s t e d  
a  number o f  o ther  gases t h a t  should be considered because they are composed o f  
f a i r l y  abundant atomic species and have b o i l i n g  p o i n t s  below 120°C [see Gable 8, 
pg, 349-350 o f  re fe rence ( I ) ] ,  He has a l s o  po in ted  o u t  t h a t  u n t i l  more i s  known 
about the atmospheres o f  the  p lanets,  i t  i s  usefu l  t o  keep a  f a i r l y  large number 
of poss ib le  c o n s t i t u e n t s  i n  mind i n  p lann ing  f u r t h e r  spectroscopic work, 
We have been s tudy ing  the  v i b r a t i o n a l  spectra f rom 4000 t o  33 c m '  o f  several 
molecules which may be present  i n  the a tmsphere  o f  the  Jovian p lanets.  These 
s tud ies  have been made t o  prov ide  v i b r a t i o n a l  frequencies which can be used to:  
(1)  determine t h e  composit ions o f  t h e  c loud  covers o f  several  o f  the planets;  
(2)  p rov ide  s t r u c t u r a l  i n fo rma t ion  under favorab le  circumstances ; (3)  p rov ide  
necessary da ta  f rom which accurate thermodynamic data can be calculated;  ( 4 )  and 
f u r n i s h  i n f o r m a t i o n  as t o  the  na ture  o f  t he  p o t e n t i a l  energy f u n c t i o n  o f  t h e  
molecules and fo rces  a c t i n g  w i t h i n  them. 
Some o f  the  molecules which we have s tud ied  can be produced photochemica%ly 
f rom methane, ammonia, and hydrogen s u l f i d e  which are  thought to be cons t i tuents  
o f  t he  p lane ts  w i t h  reduc ing  atmospheres. Some o f  t h e  compounds w i l l  polymerize 
under u1 t r a v i  01 e t  r a d i a t i o n  and drop o u t  o f  the  atmospheres. However, p lanets  
, w i t h  a  h o t  base, l i k e  t h a t  o f  Jup i te r ,  may r e b u i l d  molecules destroyed photo- 
chemical ly. Therefore, we have used these c r i t e r i a  i n  s e l e c t i n g  the compounds 
which we have studied.  I n  our  i n i t i a l  work on the  v i b r a t i o n a l  spectra o f  mlecules 
o f  as t rophys i ca l  i n t e r e s t  we s tud ied  hydrazi ne2 and methylamine.3 However, there 
a r e  several  o the r  smal l  molecules which con ta in  hydrogen, carbon and n i  t rsgen 
which a l s o  should be poss ib le  cons t i t uen ts  o f  t h c  reducing atmospheres and we 
5 p r e v i o u s l y  se lec ted  methyl hydcazi ne4, unsymmetrical d i  methyl hydrazi  ne 
6 
symmetrical d imethy l  hydraz i  ne , propylene i mine7, l -PYrazo l i  ne8, and HNCS and 
DNCS.' In our continued study of nitrogen containing compounds, we have completed 
our work on azomethane and azomethane-d6. A cop$ of the paper on th i s  study as 
submitted to  the Journal of Chemical Physics can be found in Appendix I ,  
Closely related t o  these nitrogen containing compounds has been our work on 
the carbonyl containing molecules. We have previously reported work on carbon 
1 2  t r ioxidelO,  t r i  f l  uoromethyl ethylene carbonate1', y-butyrolactone 
14 cycl opentanone1', oxalyl chl oride13, glyoxal oxalyl bromi de15, ona ly l  
f l  uoride16, 2 , 3  butanedionel (biacetyl ) , thiooxamidelD and oxamide' We have not  
concluded any fur ther  work in t h i s  area during th i s  reporting period; howe\ier, 
studied are in progress on sxalylchlorofluoride and oxamic acid. 
In a previous f a r  infrared study1', we analyzed the spectrum of the  r ing-  
puckering vibration of 1-pyrazol ine and determined tha t  the barrier t o  the planar 
conformation was 113 cm-' by using a potential function of the form: 20 
4 2 V = AsX + (B - Dt + Ht)X . S (1 1 
The As and Bs coefficients r e su l t  from the angle s t r a in ,  whereas the Dt and  Ht 
terms represent the torsional repulsions. The magnitude of the inversion barr ier  
in 1-pyrazoline (113 cm-l) was compared in a qual i ta t ive fashion with the 232 c f l  
bar r ie r  previously determined for cyclopentene.21 By assuming that  the torsional 
forces in the two rings were comparable, the barr ier  height difference was 
at t r ibuted t o  an increase in  angle s t r a in  a t  the a-positions of 1-pyrazoline, 
I t  should be noted tha t  i t  i s  the ring s t ra in  which tends t o  make the r i n g  planar  
and the puckering resu l t s  so  tha t  the torsional interactions are minimized. 
There i s  l i t t l e  doubt tha t  the Dt term i s  essent ial ly  the same for bo th  
I-pyrazol ine and cyclopentene since i t  represents the CH2-CH2 torsional force. 
The H t  term. however, resu l t s  from the torsional force about the CHZ-X bond 
(where X = N fo r  1-pyrazoline and X = C fo r  cyclopentene) and may d i f f e r  for 
each ring. One should be able t o  deduce the relat ive magnitude of Ht i n  the 
respec t i ve  c y c l i c  systems by c o r r e l a t i n g  i t  w i t h  the t o r s i o n a l  b a r r i e r s  i n  
analogous open cha in  molecules. For  example, the  methyl t o r s i o n a l  b a r r i e r  i n  
propy l  ene should pe rm i t  a  reasonable est imate o f  Ht f o r  c y c l  opentene, whereas 
t h e  b a r r i e r  i n  azomethane w i  11 prov ide  s i m i l a r  i n fo rma t ion  f o r  1-pyrazol i ne, 
M i  crowave i nves ti gat ions o f  propylene22 have shown t h a t  t he  CH3 r o t a t i  onal 
b a r r i e r  i s  1.98 kcal/mole; however, t he re  i s  no publ ished data r e l a t i n g  t o  t h e  
t o r s i o n a l  b a r r i e r  i n  azomethane. For  t h i s  reason, t he  present  study o f  CH3NNCH3 
and CD3NNCD3 was i n i  ti ated . 
There have been two prev ious v i b r a t i o n a l  s tud ies  o f  azomethane 23324  b u t  these 
a re  q u i t e  incomplete and the re  was no mention o f  the  i n t e r e s t i n g  t o r s i o n a l  
v i b r a t i o n s .  A d d i t i o n a l l y ,  the e a r l i e r  i n v e s t i g a t i o n s  were made w i thou t  the  
b e n e f i t  o f  i s o t o p i c  s u b s t i t u t i o n ;  consequently, there  i s  some unce r ta in t y  i n  t h e  
proposed v i b r a t i o n a l  ass i  gnments. For  example, West and ~i 11 ingsworthEJ suggest 
t h a t  a Raman l i n e  a t  1442 cm-I r e s u l t s  f rom the  N=N s t r e t c h i n g  motion rather 
than a CH3 deformat ional  mode. Such a d e s c r i p t i o n  does n o t  appear t o  be con- 
1 s i s t e n t  w i t h  what i s  now known about the N=N moiety s ince the "group frequencygL 
appears t o  be 1555 k 30 cmml. A d e f i n i t i v e  assignment o f  t h i s  v i b r a t i o n  i h o u l d  bc 
poss ib le  by s imul taneously s tudy ing  t h e  spectrum o f  CD3NNCD3. Dipole momnt and 
e l e c t r o n  d i f f r a c t i o n  i n d i c a t e  t h a t  the methyl groups i n  azomthane 
are  t rans  and the  e a r l i e r  v i b r a t i o n a l  data suggests mutual exc lus ion.  
The i n f r a r e d  and Raman spect ra  o f  CH3NNCH3 and CD3NNCD3 have been examined 
i n  d e t a i l .  A v i b r a t i o n a l  assignment i s  suggested fo r  t he  24 fundamental modes 
which i s  c o n s i s t e n t  w i t h  the  molecule having C2h symmetry. The spectra on the 
p o l y c r y s t a l l i n e  samples prov ide  evidence t h a t  there  are  a t  l e a s t  f o u r  molecules 
pe r  u n i t  c e l l  s i nce  a number of the  bands were observed t o  be s p l i t  i n t o  double t s ,  
The c r y s t a l  a l s o  appears t o  have a cen te r  o f  symmetry s ince mutual exclus-b"on is  
c l e a r l y  operat ive.  The b and aU t o r s i o n a l  fundamentals were observed a t  223 9 
and 222 c b l ,  r espec t i ve l y ,  f o r  t h e  normal molecule. From the l+0 frequencies 
- 4- 
< 
of the au tors i  on in sol id CH3NNCH3 and CD3NNCD3 internal rotational b a r r i e r s  
of 2.69 and 2.60 kcal /mole were calcul ated, respectively. The Therm0dynam.i~ 
properties have been calculated f o r  gaseous CH3NNCH3 and are presented i n  Tab1 e 1. 
Future Work (NGR-41-002-033) 
We are continuing our investigation of the vibrational spectra of small 
molecules which may be possible constituents of the Jovian atmospheres, The 
data wi 11 be used t o  calculate thrmodynamic properties, force constants , and 
other useful molecularproperties when possible. A t  present work i s  c o n t i n u i n g  
on oxalylchl orofl uoride and oxamic acid in our study of molecules contai n i  ng 
carbonyl . Work i s  a1 so progressing on dimethylphosphine and dimethylamine, bo th  
of which f i t s  the c r i t e r i a  as a possible constituent of the Jovian atmospheres, 
We have also in i t i a t ed  studies on n i t r i c  oxide dimer (Np02) and perf1 uoro- 
n i  trosomethane (CF~NO) which a lso  sa t i s fy  this c r i t e r i a .  
REFERENCES 
1. G. P. Kuiper, Atmospheres of the Earth and Planets. University of Ghieago, 
Chicago Press, Chi  cago, 1952. 
2. J. R. Durig, S. F. Bush, and E. E. Mercer, J. Chem. Phys., 44, 4238 (1966)~ 
3. J. R. Duri g, S. F. Bush, and F. G. Baglin, J. Chem. Phys., 49, 21 06 (1968)~ 
-
4. J. R. Durig, W. C. Harr is ,  and D. W. Wertz, J. Chem. Phys., 50, 1449 k1969) 
5. J. R, Duri g and W. C. Harris ,  J. Chem. Phys., 51, 4457 ( 1 9 6 9 ) ~  
-
6. J. R. Durig and W. C. Harris ,  J. Chem. Phys., 3 0000 (1971 1. 
I 7. J. R,  Durig, S. F. B u s h ,  and W. C. Harris ,  J. Chem. Phys., 50, 2851 f1969), 
8. 9. R. Duri g, J. M. Karri ker,  and W. C. Harris ,  J. Chem. Phys., 52, 6096 (19%0) ,  
-
?i 
9. J. R. Durig, C. M. Player, Jr., J,  Bragin, and W. C. Harris,  d , 
- 
Liq. Cryst., i n  press ,  
10. J. R. Durig and G. Nagarajan, Monatshefte - fur ~hemie ,  99, 473 (1968). 
1 1  J. R. Duri g and D o  W. Wertz, J. Mol. Spectry., 25, 467 (1968). 
12, J. R. Duri g, G. L. Coulter,  and D. W. Wertz, J.  Mol. Spectry., 29, 285 (%968), 
13. J. R. Durig and S. E. Hannum, J .  Chem. Phys., 52, 6089 (1970). 
14. J. R e  Durig and S. E. Hannum, J. Crystal Mol. St ruct . ,  1, 131 ( 1 9 7 1 ) ~  
15. J. R. Durig, S. E. Hannum, and F. G, Baglin, J. Chem. Phys., in press, 
I 
I 16. J .  R. Duri g, S. C. Brown, and S. E. Hannum, J. Chem. Phys., 54, 0000 (1971 ), -
17. J. R. Durig, S. E. Hannum, and S, C. Brown, J.  Phys., Chem., i n  press, 
78. J. R. Durig, S. C. Brown, and S. E. Hannum, Mol. Cryst. Liq. Cryst*,  i n  press, 
I 
i 19. J. R. Durig, J. M. Karriker, and W. C. Harris ,  J. Chem. Phys., - 52, 6096 (1970), 
20. J .  Laane, J .  Chem. Phys., 50, 776 (1969). 
I 21. J. Laane and R. C. Lord, J. Chem. Phys., 47, 4941 (1967). I -I 22. D. R. Lide and D. E. Mann, J. Chem. Phys., 27, 868 (1957). 
23, W. West and R. B. Ki 11 ingsworth, J. Chem. Phys., - 6,  1 (1938). 
24. L. Kohovec and K. W. F. Kohlrausch, I. Physik Chem. , EUJ, 96 (19371, 
25. A, Almenningen, I. M. Anfinsen, and A, Haaland, Acta. Chem. Scand,, 24, 1230 (1970). 
26. H. Boersch, Monatsch., - 65, 311 (1935)- 
Table 1 
* 
Thermodynamic Calcula t ions  f o r  Azomethane 
S - (F-Ho)/T ( H - H ~ ) / T  C P 
-- 
Temperature = 298.150°K 
Trans1 a t i o n a l  38.093476 33.125551 4.967925 4,967925 
Rotat ional  22.202630 19.222880 2.979750 2,980755 
Vibra t ional  3.690686 1 .I91163 2.499523 6,843158 
Total  & In t e rna l  Rotat ion 69.801 660 56.319998 1 3.480492 19,262215 
Temperature = 400.000°K 
Trans l a t iona l  
Rota ti ona l 
V i  b r a t i  onal 
Total & In t e rna l  Rotat ion 
Temperature = 500.000°K 
Trans l a t iona l  
Rotat ional  
Vibra t ional  
Total  & In t e rna l  Rota t ion  81.597353 64.21 9871 17.37614 26,8451 68 
Temperature = 600.000°K 
Trans1 a t i  onal 41.567709 36.599784 4.967925 4,967925 
Rota t i  onal 24.2871 70 21 .306914 2.980255 2,980755 
Vibra t ional  12.214797 4.4941 08 7.720690 18,532801 
Total & In t e rna l  Rotat ion 86.779879 67.556201 19.222508 30,052406 
Temperature = 700.000°K 
Trans l a t iona l  42.333519 37.365593 4.967925 4,967925 
Rota t ional  24.746655 21.766328 2.980327 2,980755 
V i  b r a t i  onal 75.308115 5 -81 8053 9.490062 21 ,60371 5 
Total  & Internal Rotat ion 91 .625698 70.648642 20.975888 32,844702 
I 
I Table 1. (cont inued) 
I * Thermodynamic Calcula t ions  f o r  Azomethane 
Temperature = 800.000°K 
Trans l a t iona l  42.996892 38.028967 4.967925 4,967925 
Rotat ional  25.144680 22.164299 2.980380 2,980755 
Vibra t ional  18.370001 7.196256 11 -173745 24,249779 
Total & In t e rna l  Rotat ion 96.1 70902. 73.563960 22.605773 35,262694 
Temperature = 900.000°K 
Trans1 a t i  onal 43.582029 38.614104 4,967925 611,961925 
Rotat ional  25.495762 22.51 5340 2.980422 2,980155 
Vibra t ional  21.361244 8.6047 37 12.756508 26,537 238 
Total & In t e rna l  Rotat ion 100.454852 76.308249 24.1 45432 37,365777 
Temperature = 1000. OOO°K 
Trans1 a t i o n a l  44.1 0545 3 39.137527 4.967925 Li-467925 
Rotat i  onal 25.809816 22.829360 2.980455 21,980755 
V i bra t i  onal 24.261 008 10.0261 93 14.234815 28,499582 
Total  & In t e rna l  Rotat ion 104.481505 78.9361 33 25.544660 39,199986 
* 
These c a l c u l a t i o n s  were made using gas phase f requencies  and assuming a1 1 vibra t ions  
t o  be harmonic except  t h e  methyl t o r s ions .  Assuming t h e  fol lowing molecular 
0 0 0 
geometry: r(N=N) = 1.247A9 r(C-N) = 1.482A, r(C-H) = 1.105A9 and L C N N =  1%2,3"; 
or) 
t h e  moments of i n e r t i a  I A  = 121 -5, Is = 115.7, I C  = 12.3 and Ired = 2.51 (AMU)A& were 
c a l c u l a t e d  and used i n  t hese  c a l c u l a t i o n s  presented. 
Appendix I 
Vibrational Spectra and Structure of Azomethane and Azomethane-d6 
ABSTRACT: The infrared spectra of gaseous and polycrys t a l  l ine CH3NNCH3 and 
CD3NNCD3 have been recorded from 33 t o  4000 c f l .  The corresponding Raman 
spectra of the l iquid and solid samples hcve been measured from 100 t o  4000 ern-I. 
The vibrational data provide defini t ive verification of a trans structure w i t h  
C2h symmetry. A vibrational assignment i s  proposed fo r  the 24 fundamntal modes 
based upon the observed band contours, isotopic s h i f t  r a t io s ,  and group frequency 
correlations.  The a, and b torsional modes were assigned t o  bands a t  222 and 9 
223 cm-', respectively, and the internal rotational barr ier  of the mthyl group 
was calculated t o  be approximately 2.7 kcal/mole. A number of the internal 
fundamentals were observed t o  be s p l i t  in to  doublets i n  the spectra of the solids 
which suggests tha t  there are a t  l eas t  four molecules per u n i t  cell  in azomdhane, 
The inversion center i s  apparently retained in the crystal  since the rule o f  





9ESULTS A N D  DISCUSSION 
i i  is iihtly t l i . l L  a ~ ~ j i c t i l i l i ~ ~  has Cii l  sy~nretry since previ oil. 
5 , 7 , j .  
st udies iiavc i nci cd t c l d  
- 
2n1lb9 Lire . i ~ v l ~ c ~ ! c  i s i . ~ p c c t c i l  t o  nave , ~ T I  i i lvcrs ion crliter ant ;:re -.~in- 
' i p l t>  of i ' u i ~ d l  exc lus io l !  s h i , i l l r !  be o p e r a t i ~ i c .  11 c ~ r ( ~ p z r i s ~ n  +,f L!&e 
i n f r a r e d  a n d  i:.i;)an frequencies ( s e e  Taliies 1 1 1:) reveals  ro 
colacideut freciiencics f u r  e . rr.ocles m d  i t  is concludec '  t-ill: 
r i te  c d-fci n c  ;i;ivc a i ~f inversion and belong- r;i th. 
C;ii : 0i1:t ~loul.. i ~ n d c ;  L 2 i r  syill;iArr) i h c ~  fundanlenral v i i i r a t ionq  o L  
C l i 3 N L 4 C ~ ~ 3  belcil:  t-) tlic ioJ.lor;j~:i, i r r c d r ~ c i b l e  representations : 
5, + 
5a + i i  4- 711 . T!le gc radi .  ( g )  and 1nr;erarie (u) subscripts speciF:i 
L* i\ u 
"iiich 5 i fl:e I 1 o d e 5  are I c r  i n f r a r e d  a c t i v e ,  rcspecfively 
l lrcore t- i c c : i l y ,  L I i i  11.. 'ru:,rii? I. o i i w i s  .;1iiiuld g i v c  rise to 18 of the  
f[-ilineC?ntel~ n 0 & - s  ( !?a 4- 4a 4- i b  + 51, ) whereas tile rcns ln inp  
U 6 u 
 jib-,^: - c,.. a I -, I -i i o n s  o f  t i7e skeletal f r a r ~ e v u r h  
. C , ~ ( : ~ T  + * 1 ic-r,ii I ~ L  c i ~ ~ o r e t i c a l  'Teller-KedJ 
cu C ~ ~ C L I L B L C  iiie nloltlcrits o f  i r i r r  t i  a .  A recent eleetron d i  ifrnction 
s t u d y  i i . ~ s  provider1 t i i e  necessary siructurnl parameters and Table 
S'A"I * v'. 2. 3. i n i  ;(,La t i e s  C+R w e l l  a? t h e  r e s u l t i n g  moments of f n e r  
fo r  both " d Q 1  a n d  " d s i '  azomethane. The axis of the l a rges t  rno 
I c ,  i s  conicident with the C2 ax i s ,  whereas the remaining two a 
perpendicular t o  the C2 axis and l i e  in the C N N C  plane. The axis  
momnt of i n e r t i a ,  iA,  passes through a1 1 three ske le ta l  bonds, 
through only the N=N bond. Vibratioiis of the a symmetry speci 
u 
r i s e  t o  i - type b d r i d i ,  whereas A--B hybrids a r e  expected f a r  t h  
symwtry. The Raman e f f ec t .  tile l ines  resu l t ing  from the a a 
9 
should be polarized and depol a r i  zed, respectively.  Therefore, the 
has been based upon infrared band contours and Raman depalarizat ion v 
as we1 1 as i sotopic  s h i f t  r a t i o s  and cha rac t e r i s t i c  group frequencies. 
expected gas phase contours and depol a r i  za t i  on values f o r  the vibratia 
of azomethane have been summarized in Table IV. The normal vibra 
wi l l  be discussed in the following order: ( 1  ) CH3 s t re tch ing  rn 
bending modes, ( 3 )  the skeleton modes, and ( 4 )  combinations and o 
METHYL STRETCHING VIBRATIONS 
There are s i x  CH3 s t r e tch ing  fundamentals t o  be assigned, of iq 
symmetric mode i s  expected t o  be strong in the Raman spectrum and 
wavenumber than the asvmmetric vi bra t i  nns. Accordingly, the 
s t re tch ing  mode, v2 (ag ) ,  i s  assigned t o  the l ine  a t  2916 cm-'I in 
of the l iquid  phase of the l igh t  compound which s h i f t s  t o  2777 
t e ra ted  compound. The corresponding frequencies fo r  the so  
expected t o  have about the same frequency,'' and may well be de 
there i s  probably 1 i t t l e  coupling between the methyl groups. 
exhibi ts  l i ne s  which car; be assigned t o  both vibrat ions in a1 
i s  assigned t o  both v ,  and v ,  4; t h i s  band spl i t s  i n  t h ~  spec t r  
in to  two resolvable 1 ines ,  2982 and 2966 crn-l , which car be ass 
and v , ,  respectively.  For the deuterated molecuie, the two vib 
r i s e  t o  resolvable l ines  in both l iquid  and so l i d  phases, 
Similar ly ,  the a mode i s  assigned t o  the  bands a t  2227 and 2235 9 
spect ra  recorded a t  room and l iquid nitrogen temperatures, respe 
the broad bands assigned t o  the unresol ved asymmetric s t re tch ing  
intermediate depolarizat ion ra t ios .  

7 
The two asymmetric modes a re  assi  gned t o  the bands a t  1447 
the Ranlan spectrum of sol id  CH NNCH and the syrnmtric mode i s  To-n 3 3 
1382 cm-'. These bands i h i f t  to 1057, 1044 and 1035 cm-I in t h e  
deuterated compound in the 
the compounds i~ the 1 iqui 
spec i f i c  frequencies or depoiar i ra t ion ra t ios  fo r  each band ,  the  c 
the broad features  corresponding t o  the unresolved l ines  a r e  1434 
fo r  the l i g h t  and heavy co 
5 Killingsworth had previously assigned a band a t  1 
s t re tch ing  mot ion; however 
observed isotopic  s b i f t s .  Thus, i t  can be concluded t h a t  
r e su l t s  from a methyl moti 
an isotopic  s h i f t  r a t i o  of 1.37. 
Alci~oilgh o n l y  t w o  bands  were  o b s e r v e d  i n  t h e  1450 
of t h e  i n f r a r e d  s p e c t r u m  of  gaseous  CH3NNCH3,  a l l  t h r e e  d e f o  
modes wera o b s e r v e d  i n  t h e  s p e c t r u m  of t h e  s o l i d .  The fundamentv 
of b symmetry have been  a 
11 
a t  1393 and 1445  cii-', r e s p e c t i v e l y .  Tl ie  c o u n t e r p a r t s  o f  these 
bands  i i i  s o l i d  CLi3NRCI13 were o b s e r v e d  a t  1386 and 1450 cm-ie Th 
t h i r d  C i ! ;  d e f o r n a ~ i o n  b e l o n g s  t o  t h e  a symmetry s p e c i e s  and is 
U 
a s s i g n e d  to t h e  band a t  1433 cm-' (see P i g .  2 ) .  
~t is n o t e d  r 

9 
SKCLCTrV, VIBFATLOSS , 
Tliero a r e  s i r  i u ; l d n ~ ~ e i l i a l  rrodcs i n  aeonethane t h a t  r e s u l t  
f rom heavy .-iram mot ions  and t i ley span  the f o l l o w i n g  i r r e d u c i b l e  repr 
s e n t a t i o n s :  ?a +- l a  + Lb . hl t i lough t h e  a and b v i b r a t i o n s  aust 
e U l.J g u  
i r lvolva  only n ~ c ~ t i o n s  w i t h i n  t h e  m o l e c u l a r  p l a n e ,  t h e  a moue v i i l  
u  
invoivc arr ou i -o f -p l  ;,ne d e f o r i ~ a t i o n .  The t h r e e  e fu 
a s y i m e t r i c  ! , c n d i ~ g  m o t j o n .  S i x i l n r l y ,  t b c  hio b fundam 
V O ~ V P  an a a y s i ; ~ i t  ric - s i r e  t c l i i ng  and L:IN bend ing  ru 
v e r y  l i  t t l c  r t r e  i i i lu i~n <~L.oui  t l ie  f r e q u e n c y  o f  the - -  s t r e t c h i n g  
and i t  was n o t  c e r t a i n  ~rhet11i.r tliis moie ty  r iou ld  g i v e  r ise t o  a 
i s  t i c  group frequea cy . LI :lunlhe r o f  r e c e n t  s t u d i e s  
e s L a b l i s ! ~ e d  that ille g roup  f r e q u e n c y  for t h e  N = N  linkage appears 
-- , 1530-1565 c? I .  T11 n z o r ~ t i l - n e  t h c  weak Ramsn l i n e  c e n t e r e d  at 1 
in the spect ra  of the so l i d  phase has been assigned to v3. Upon 
deutera-kion Y s h i f t s  to 1561 cm-I which confirms the assignment 3 
ske le ta l  vibrat ion.  The depolarization r a t i o  i s  0.6 f o r  t h i s  band 
indicates t h a t  i t  i s  a symmetric mode. As noted e a r l i e r  West and 
5 K i  I 1  ingsworth proposed a much 1 ower frequency, b u t  thei r assign 
was made without the benefi t of isotopic subs t i  tu t ion.  Furthermor 
6 a somewhat l a t e r  study, Kahovec and Kohlrausch a l so  assigned the 
s t r e t ch  t o  a l ine  a t  1574 cm-'. 
The rhrce  s k e l e t a l  bend in& f u n d a i e n t a l s  ( l a p  + l a  
b 
a s s i g n e d  on tile L n s i s  of t h e i r  r e l a i i v c l y  low f r e q u e n c i e s  a d  obser 
s h i f t  ratios. l i l t ?  i<.ili~.,n l i n e  a t  5 6 4  LP-* i n  C ~ L ~ N I : C I I ~  s!lifis to 53: 
-. 
' i r l  <:1j31(';Clk .ind !,'is b c ~ i l  n s t ; i j n c d  to t i ie a bend ing  fllndaicc 
i: 
The tiio in f ra re ( '  11ending modes 11nx.e been observed at 362 and 312 ci: 




have p r e v i o u s l y  been a t L r i b u t e d  t o  s k e l e t a l  bending 
have been reproduced f o r  t h e  purpose  o f  r e l a t i v e  i n t e n s i t y  cornpa 
The band c e n t e r e d  a t  222 cni-I i n  CI13NRCH3 (Fig.  3-A) is relat 
i s o t o p i c  s h i f t  r a t i o  (223/192) f o r  t h e s e  l i n e s  is  o n l y  1.16; 
t h i s  ratio i s  c o n s i s t e n t  w i t h  the Tel le r -Red l i ch"  product rule 
l a t i o n s  ( s e e  Tab le  VI) . The e v a l u a t i o n  of  t h e  theoretics 
b syinnletry s p e c i e s  e n t a i l s ,  i n  p a r r ,  a produce of t h e  r a t  
S 
t h e  A and H p r i n c i p a l  moments of  i n e r t i a  which,  of  c o u r  
t h e  obse rved  d e c r e a s e  i n  t h e  i s o t o p i c  s h i f t  r a t i o  f o r  t h  
fundamental. The f a c t  t l i a t  bo th  the a and b  t o r s i o n s  ar 
U g 
d o u b l e t s  i s  a d d i t i o n a l  ev idence  that t h e r e  are at l e a s t  f o u r  mo 
p e r  m i  t ce l l  i n  azone thane.  
I t  shou ld  be po in ted  o u t  t h a t  t h e  assignment o f  t h e  t o  
t he  Raman spectrum must be cons idered somewhat t e n t a t i v e  s i n c  
equacxon, Values of s f o r  different values of Ab have been 
vu 
elsewheve18. For  C113:gP:Cli3 aiid CD3SMCD3,  P values of 6.71 and 3 .  
'Tdb je Ti1 . Soiutioil of i h f  preceding e x p r e s s i o n s  f o r  azonietiiane 
szovn. thane-d6 re" ~ l e  il: t o r s i u i i n i  re- o f  2.69 m d  2.60 kca l / rno le  
r r s p e c r i v c i y .  It i s  ~ i o i e d  Lliat Lila band  c e r i t e r s  o b s e r v e d  f o r  t h e  a 
cars ic r ia l  f u n i i t n i i n i a i  for c;icll i,!olecirle were u t i l i z e d  in tile above 
burrier h e i g h t  dc~rr~~inations . , 222  and 1L6 c -  respectively 
- 
1. Y 
app~or . i i i~ i i t i on  sin.ply fro11 tile observeu 1-0 freq~ency and tile calc  
V3 = v2/9I?. (4 1 
In t!&is expression *J is c i i i :  observed fundaneiltal frequency and F h 
previoi is iy  bci.11 d e f i n e d .  l'oc azu., .ethnne a h a r l ~ ~ o n i c  b a r r i e r  of 2 .  
kca l in~o le  is ilednced by using an i value of 6 . 7 1  cr:-'. I t  i s  noted 
t h a t  Lhis vd lue  is sonl~i~liat lower t!lsn t h a t  iletermilied by t h e  Math 
equal . ion,  b u t  t h i s  is t i l e  u s u a l  r e s u l t  sir.ce t h e  p o t e n t i a l  f u n c t i a  
b e e ; ~  t r u n c a t e d  a f t e r  the second o r d e r  term. 
- : .  - - 
s o l i d  s t a t e  has recently been determined to  be 2.7 kca~/mole . '~  
- - - u u - w u  M J  I U, Y~ > , I  I I L -in tne tors ional  frequency upon sal i  
from l e0  t o  225 cm-I. I t  i s  qui te  possible t ha t  azomethane exh ib i t  
cha rac t e r i s t i c  s h i f t ,  s inc  
the sol id  a r e  iden t ica l .  If  t h i s  i s  the case, the  assumption t 
term:: in the potential  functions of cycl opentene and 1-pyrazoli 
good one and the difference in the quar t i c  coef f i c ien t  must ari 
from the £is term in equation ( I ) . ~  Therefore the s  
for 1-pyrazoline as compared t o  t ha t  of cyclopenten 
the  greater  r ing s t r a i n  a t  the CY positions and not f  
i n  a torsional  ba r r i e r  about the C-N bond. Even i f  the s h i f t  i n  t 
frequency with so l i d i f i c a t i on  of azomethane were no 
for propylene, the ba r r i e r s  about the C-N bond woul 
d i f f e r en t  from tha t  of the  methyl group attached t o  a carbon-car 
bond to account fo r  the s i gn i f i c an t  d i f ference in t h  
for cyc? open tene and 1 -pyramol i  ne, 
S ~ilii,it!,RY A??D CONCLUSIONS 
Tiie i n f r a r e d  and  Rankan s p e c t r a  of Cli3NNCIf3 and 
e x ~ n r i n i d  i n  d e t a i l .  A v i b r a t i o x l a 1  ass ignment  is suggestad f o r  the 


3. i n f r a r e d  S p e c t r a  o i  Azoi,~et!inrre sad Azoiiet:hani?-cl6 
ilzome t l~me Azo:ne tixar;~. ' 
--------.-,"---- - ----_____ 
-'i 
-- --- -- ----_ 
I n f r a r e d  Band Relative I n f r a r e d  Relative bnf  r a r e d  Sand R e l a t i v e  l n f  rared Relative Assignment 
gas Type , I n t e n s i t y  s o l i d  I n t e n s i t y  gas  Type I n t e n s i t y  s o l i d  I n t e n s i t y  
( c m - l )  (cm-I )  (em-'j (cm-l) 
- 
2995 R 
2982 Q A- 0 VS 29 75 2247  ( sh )  PJ 
2972 P 
VS 2239 ? VS 2232 VS 
2222 ( s h )  b.' "? P 
2966 ( sh)  laT 2178 ? 
2935 R 
W 2175 V F i .  
2926 c t r  A-B VS 29 11 
2122 R 9 
2918 P 
VS 2111  c t r  A-B 2107 1.i 
2108 P v~ 9 
2866 R 2075 R 
2856 c t r  A-B Ef 284 7 PI 2068 c k r  A-B 









Sum~iah-y of the Funclarrlental Vibra 
i n  the  S o l i d  Phase 
S y l r ~ e t r p  Species and ilpproximat-e 
Description o f  L t le  :!orma1 FTodes 
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a 
is 
C'ri ; Asyr;;nctric Stretch 
CH3 S y m c e t r i c  Stretch 
S=K S t r c t c ! ~  
Ct i3  A s y n ~ ~ e z r i c  Defornlation 
CFi3 Symrnerric Deformation 
6-X SLre tch  
CX13 ltock 
CXl i  iien c; 
a 
II 
cH3 ihsyiilm@t~.ic Stretch 
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CH3 .lsynmletric Stretcll 
CH3 Symmetric S t r e t c h  
CI15 Asymmetric Deformntion 
CIl3 Synrnetric Deforr~ation 
C-N S &retch 
CIi3 Rock 
CRN i<end 

Figure 1. 
TRANSMITTANCE (PERCENT) 




